Maternal protein restriction leads to hyperresponsiveness to stress and salt-sensitive hypertension in male offspring. Am J Physiol Regul Integr Comp Physiol 298: R1375-R1382, 2010. First published March 3, 2010 doi:10.1152/ajpregu.00848.2009.-Low birth weight humans often exhibit hypertension during adulthood. Studying the offspring of rat dams fed a maternal low-protein diet is one model frequently used to study the mechanisms of low birth weight-related hypertension. It remains unclear whether this model replicates key clinical findings of hypertension and increased blood pressure responsiveness to stress or high-salt diet. We measured blood pressure via radiotelemetry in 13-wk-old male offspring of maternal normal-and low-protein dams. Neither group exhibited hypertension at baseline; however, 1 h of restraint was accompanied by a significantly greater blood pressure response in low-protein compared with normal-protein offspring. To enhance the effect of a high-salt diet on blood pressure, normal-and low-protein offspring underwent right uninephrectomy, while controls underwent sham surgery. After 5 weeks on a high-salt diet (4% NaCl), mean arterial pressure in the Low-ProteinϩSham offspring was elevated by 6 Ϯ 2 mmHg (P Ͻ 0.05 vs. baseline), while it remained unchanged in the normal-protein offspring. In the two uninephrectomized groups, blood pressure increased further, but was of similar magnitude. Glomerular filtration rate in the low-protein uninephrectomized offspring was 50% less than that in normal-protein offspring with intact kidneys. These data indicate that, while male low-protein offspring are not hypertensive during young adulthood, their blood pressure is hyperresponsive to restraint stress and is salt sensitive, and their glomerular filtration rate is more sensitive to hypertension-causing insults. Collectively, these may predispose for the development of hypertension later in life. birth weight; salt sensitivity; Barker Hypothesis; prenatal programming EPIDEMIOLOGICAL STUDIES HAVE indicated that there is an inverse relationship between birth weight and the risk for cardiovascular diseases, such as coronary artery disease, stroke, and hypertension later in life (7, 8, 20, 34) . The hypothesis (i.e., Barker Hypothesis) is that nutrient deprivation during discrete periods of organ development prenatally programs the offspring for cardiovascular disease later in life (6, 7, 44) . With regard to hypertension, several animal models have been developed with the purpose of generating low birth weight offspring to determine the underlying mechanisms that contribute/cause the ensuing hypertension (39). One of the most frequently used models is maternal protein restriction, wherein pregnant animals (most commonly rats) are fed a low-protein diet during gestation. The phenotype of the offspring are low birth weight and elevated blood pressure as early as 4 wk of age (27), which progressively increases with age (32). Thus, this animal model has been thought to mimic some of the elements that occur clinically in low birth weight humans.
diet during gestation. The phenotype of the offspring are low birth weight and elevated blood pressure as early as 4 wk of age (27) , which progressively increases with age (32) . Thus, this animal model has been thought to mimic some of the elements that occur clinically in low birth weight humans.
Another characteristic of low birth weight individuals is a reduced nephron number. This has been reported in humans (21, 22) and is replicated in maternal low-protein animal models (18, 19, 39) . A leading theory is that reduced nephron endowment leads to impaired sodium excretion, and salt and water retention, and may thereby play a causal role in hypertension (57) . In support of this, small-scale clinical studies have recently shown that that blood pressure in low birth weight children and adults is salt sensitive (14, 47) . Studies in maternal low-protein offspring have been less consistent with two showing no effect of a high-salt diet (25, 58) and one showing salt sensitivity of blood pressure (56) . This is troubling, as numerous previous studies have utilized this animal model to study low birth weight-related hypertension it could indicate that either the sodium retention theory is incorrect or else that this model does not replicate a key component of (i.e., sodium retention) that appears to exist in low birth weight humans.
A major limitation of previous studies that have investigated the mechanisms of hypertension in maternal low-protein offspring is that the baseline blood pressure measurement is frequently assessed with the tail cuff method, an indirect method that requires restraint and is sensitive to the arousal state of the animal. This method may be a problem because low-protein offspring have been shown to have an elevated response to stressors, such as inhaled ammonia (49) . Clearly, if the same were true in response to restraint stress, it would render indirect measures of arterial pressure highly inaccurate. Little or no increase in baseline arterial pressure has been detected in two previous studies that have assessed blood pressure with radiotelemetry in maternal low-protein offspring (16, 49) . This should be verified, as should the response to restraint stress, to assist in the interpretation of numerous previous studies in maternal low-protein offspring that have reported (27, 41, 51, 56) and continue to report hypertension (3, 11) . Furthermore, differing methods of blood pressure measure are also a potential reason for the equivocal results of the effect of high-salt diet in this model (25, 56, 58) , and the use of radiotelemetry may help determine this issue.
To address these issues, 13-wk-old normal-or low maternalprotein offspring were instrumented with radiotelemetry to measure arterial pressure in freely moving rats in their home cage to address the following questions. Do the offspring of rat dams fed a low gestational-protein diet have detectable hyper-tension when blood pressure is measured by radiotelemetry? Do the offspring have an increased response to stress? Finally, does blood pressure increase during a high-salt diet and does a further reduction in nephron number (via uninephrectomy) evoke/augment salt-sensitive hypertension?
METHODS
Timed pregnant (4 days gestation) Wistar rats were obtained from Harlan (Indianapolis, IN). Once at our facility, the pregnant rats were housed individually under controlled conditions (21-23°C; 12:12-h light-dark cycle; lights on: 0700 -1900, lights off: 1900 -0700) with free access to water, and were placed on either a normal-protein diet (18% casein) or a low-protein diet (6% casein). The diets were isocaloric and contained a total of 0.5% methionine (base diet AIN-93, TestDiet; Purina Mills). Table 1 contains the diet composition. Food intake was weighed daily. In our preliminary studies, we found that the dams on a low-protein diet consumed more food than those on a normal-protein diet. To avoid the confounding effect of the dams on a low-protein diet increasing their protein intake via increased food intake, we pair-fed the dams on a low-protein diet to match the food intake to that of the normal-protein dams. Thus, the dams on a low-protein diet were given an equivalent mass of food that the dams on a normal-protein diet consumed the previous day. Dams were kept on their respective diet throughout gestation. Litter size and birth weight were recorded within 12 h of birth, and all litters were culled to eight pups to allow equal access to milk. All dams were maintained on a normal-protein diet (18% protein) from this point forward. Because in our preliminary studies, the blood pressure in female low-protein offspring appeared to be less responsive to a high-salt diet, and also because large differences in susceptibility to fetal programming between males and females have been observed by others (9, 17) , we focused our studies on male offspring. The male offspring used for this study came from 11 different litters (5 normal protein and 6 low protein). Pups were weaned at 3 wk of age, sex was recorded, and they were maintained on the standard diet until adulthood. The rats were cared for in accordance with the principles of the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All protocols were reviewed and approved by our Institutional Animal Investigation Committee.
Surgical Preparation
Radiotransmitter implantation. Eleven-week-old male offspring of dams fed either a normal-protein diet or low-protein diet during gestation were anesthetized with isoflurane, and a radiotransmitter (TA11PA-C40; Data Sciences International) was implanted to measure arterial blood pressure, as described previously (5, 31) . Briefly, the left femoral artery was exposed, and the proximal end temporarily occluded; the gel-filled catheter attached to the transmitter device was inserted and advanced into the abdominal aorta so that the tip of the catheter remained below the renal arteries. The catheter was secured in place with two ligatures, and the transmitter was placed subcutaneously and adhered to the underlying muscle with tissue adhesive. The skin was closed with sutures.
Uninephrectomy. Some rats underwent a right uninephrectomy (Normal ProteinϩUninephrectomy, n ϭ 6; Low ProteinϩUninephrectomy, n ϭ 6) or sham (Normal ProteinϩSham, n ϭ 6; Low ProteinϩSham, n ϭ 9). A right flank incision was made under isoflurane anesthesia; the renal artery, vein, and the ureter were ligated, and the right kidney was excised. The muscle was closed in layers, and the skin was closed with suture. At the end of both surgeries, each rat received butorphanol tartrate (0.075 mg sc) for analgesia.
Renal clearance experiments. Some rats were anesthetized with thiobutabarbital sodium (100 mg/kg) (Normal ProteinϩSham, n ϭ 6; Low ProteinϩSham, n ϭ 6; Normal ProteinϩUninephrectomy, n ϭ 4; Low ProteinϩUninephrectomy, n ϭ 6). A 23-gauge polyethylene catheter was inserted into the left carotid artery for blood pressure monitoring and blood sampling and into the right jugular vein for infusion. To determine glomerular filtration rate, a bolus of FITCinulin (Sigma-Aldrich) mixed in 0.9% saline was infused followed by continuous infusion at 3 ml/h to maintain a stable plasma inulin concentration and to account for fluid loss. The right and left ureters were cannulated with 27-gauge polyethylene catheters for urine sampling from each kidney. After a 30-min stabilization period, urine was collected for two consecutive 30-min time periods, and a arterial blood sample (0.2 ml) was collected from the carotid arterial catheter at the midpoint of each collection to assess plasma inulin. Rats were then euthanized with an overdose of pentobarbital (200 mg/kg iv). The kidneys were collected and weighed.
Experimental Protocol
A time line of procedures, measurements, and experiments for protocols 1 and 2 is displayed in Fig. 1 . Protocol 1. Approximately 10 days after the radiotransmitter was implanted, the recording of baseline blood pressure and heart rate was initiated. Data was sampled for a 10-s duration every 5 min. Sampling occurred for four consecutive days to compare baseline values between normal-protein and low-protein offspring. At 13 wk of age, we tested the acute stress response to cage restraint. On the morning of the experiment, at ϳ0900, baseline blood pressure and heart rate were recorded continuously for 30 min while the rat moved freely in its home cage. Each rat was placed into a Plexiglas chamber (length, 21 cm; width, 7 cm; height, 6.5 cm), which was then placed back in the home cage. Hemodynamics were recorded continuously for 1 h, and then rats were removed from the chamber and placed back in their home cage. The rats used in this protocol were then used for unrelated studies. Protocol 2. Approximately 10 days after the radiotransmitter was implanted, and blood pressure and heart rate were recorded for 2-4 consecutive days. At 13 wk of age, the rats then underwent either a right uninephrectomy or sham surgery. At this point, there were four experimental groups: Normal Protein, Normal ProteinϩUninephrectomy, Low Protein, and Low ProteinϩUninephrectomy. Two weeks were allowed to determine whether the removal of one kidney impacted arterial blood pressure. At 15 wk of age, all rats were placed on a high-salt diet (4% NaCl, base diet AIN-93; TestDiet, Purina Mills) for 5 wk to determine the salt sensitivity of blood pressure. Rats were then maintained on the high-salt diet, and renal clearance experiments were performed the following week.
Analytical Measurements
Plasma and urinary inulin concentrations were determined using a spectraflurometer. Plasma and urinary sodium concentrations were determined with flame photometry.
Data and Statistical Analysis.

Baseline hemodynamics and restrainer stress experiments (protocol 1).
The data collected over four consecutive days for baseline blood pressure and heart rate were averaged every 12 h to give average daytime (0700 -1900) and nighttime values (1900 -0700). For the restrainer experiments, the last 10 min of the 30-min baseline recording was averaged to give a single value for mean arterial pressure and heart rate. The hemodynamic data collected while the animals were in the restrainer was averaged in 4-min bins, and then the change from baseline was calculated for each time point. Differences between the normal-protein and low-protein offspring were analyzed using a two-way ANOVA for repeated measures. When appropriate, a Student-Newman-Keuls post hoc test was performed.
Salt sensitivity and renal clearance experiments (protocol 2). Mean arterial blood pressure values for baseline, following nephrectomy (or sham) and for each time point on high-salt diet were 24-h averages of the last day for each given time period. Salt sensitivity was defined as a statistically significant increase in mean arterial pressure compared with the baseline measurement on a standard diet. Glomerular filtration rate and fractional excretion of sodium were calculated using standard formulas. A one-way ANOVA was used to compare baseline parameters. Time course data were compared using a two-way ANOVA for repeated measures. When appropriate, a StudentNewman-Keuls post hoc test was performed. All data are presented as means Ϯ SE. A value of P Ͻ 0.05 was considered statistically significant.
RESULTS
Effect of Maternal Protein Restriction on Litter Size, Birth Weight, and Growth in Offspring
The number of pups per litter tended to be less in the low-protein (13 Ϯ 1 pups) compared with the normal-protein offspring (16 Ϯ 1 pups), although this did not reach statistical significance (P ϭ 0.057, two tailed). Birth weights were reduced by 15% in the low-protein offspring (5.13 Ϯ 0.05 and 5.92 Ϯ 0.06 g, low protein vs. normal protein, respectively, P Ͻ 0.001). This trend of a significantly low body weight in the low-protein offspring gradually decreased, and by the end of the study, the body weights were no longer different (normal protein, 0.58 Ϯ 0.02 kg vs. low protein, 0.54 Ϯ 0.02 kg).
Effect of Maternal Protein Restriction on Baseline Blood Pressure and Response to Restrainer Stress in Offspring
Baseline arterial blood pressure and heart rate, recorded via radiotelemetry over four consecutive days are displayed in Fig. 2 . Systolic, mean, and diastolic arterial pressure were not different when low-protein and normal-protein offspring were compared (systolic, P ϭ 0.092; diastolic, P ϭ 0.095) (Fig. 2) . Thus, the offspring of maternal low-protein diet dams did not develop hypertension during the time frame studied. Baseline heart rates were virtually identical (P ϭ 0.970).
The change in mean arterial pressure and heart rate from baseline during 1 h of cage restraint for both groups is displayed in Fig. 3 . In the normal-protein offspring, restraint caused an initial increase in mean arterial pressure and heart rate that then returned toward baseline during approximately the last 30 min. While the initial change in mean arterial pressure in the low-protein offspring was similar to that seen in the normal-protein offspring, the return toward baseline was significantly blunted and remained elevated by ϳ15 mmHg above basal level throughout the restraint period. The heart rate response to restraint in the low-protein offspring followed a similar pattern, and was significantly different from that seen in the normal-protein offspring. ANOVA detected a statistically significant interaction (diet ϫ time) for mean arterial pressure and heart rate (P Ͻ 0.001 for both).
Effect of Maternal Protein Restriction on Sensitivity of Blood Pressure to Salt in Offspring
Mean arterial pressure at baseline, 2 wk following uninephrectomy or sham surgery and during five consecutive weeks Fig. 2 . Baseline systolic, mean, and diastolic arterial pressure (top) and heart rate (bottom) measured with radiotelemetry in normal-protein (Norm. Prot.; , n ϭ 11) and low-protein (Low Prot.; OE, n ϭ 11) offspring. Data were collected over 4 consecutive days and are averaged every 12 h to display the daytime (D) and nighttime (N) variation in arterial pressure and heart rate. No significant differences were detected. on a high-salt diet are shown in Table 2 . Baseline pressures were not different between the four groups, and the surgery had no measurable effect. Within the normal-protein group, the high-salt diet had no significant effect on mean arterial pressure (P ϭ 0.404). However, within the low-protein offspring, the high-salt diet significantly increased mean arterial pressure by 6 Ϯ 2 mmHg (P Ͻ 0.05, week 5 vs. baseline). The effect of the high-salt diet had an even greater impact on both uninephrectomized groups, as mean arterial pressure increased similarly and progressively in each. The magnitude of the increase when comparing the 5th week of high-salt diet vs. baseline was 8 Ϯ 3 mmHg in the Normal-ProteinϩUninephrectomized offspring and 12 Ϯ 4 mmHg in the Low-ProteinϩUninephrectomized offspring (P Ͻ 0.05 for both, Fig. 4 ). During weeks 2-5 on high-salt, the increase in mean arterial pressure in both uninephrectomized groups was significantly greater than both the normal-protein and low-protein offspring that had two intact kidneys. Figure 5 contains glomerular filtration rate normalized to either body weight or kidney weight for all four groups. When normalized to body weight, glomerular filtration rate in the uninephrectomized, low-protein offspring was ϳ50% lower than that seen in either group with intact kidneys (P Ͻ 0.05). When the glomerular filtration rate was normalized to kidney Fig. 3 . Change in mean arterial pressure and heart rate from baseline during 1 h of restraint stress in normal-protein (n ϭ 6) and low-protein (n ϭ 11) offspring. Note that the change in mean arterial pressure and heart rate in the low-protein offspring was significantly higher compared with the normalprotein offspring. Black bar, time period of restraint stress. *P Ͻ 0.05 vs. Norm. Prot. Mean arterial pressure at baseline and then during the 5th week on high-salt (4% NaCl diet) in normal proteinϩsham nephrectomy (Norm. Prot.ϩSham NPX; black bar, n ϭ 6); low proteinϩsham nephrectomy (Low Prot.ϩSham NPX; white bar, n ϭ 9); normal proteinϩuninephrectomy (Norm. Prot.ϩUni-NPX, gray bar, n ϭ 6); and low proteinϩuninephrectomy, (Low Prot.ϩUni-NPX, hatched bar, n ϭ 6). Note that mean arterial pressure in the Low Prot. group was salt sensitive and that uninephrectomy exacerbated salt sensitivity in both uninephrectomized groups to a similar degree. *P Ͻ 0.05 vs. baseline; †P Ͻ 0.05 vs. both Norm. and Low Prot.
weight, although it tended to be lower in the uninephrectomized, low-protein offspring, no significant difference was detected. The left kidney weight and left kidney weight-tobody weight ratios were similar between the normal and low-protein offspring (Table 3) . However, within the uninephrectomized groups, as expected, the left kidney weights and the left kidney weight-to-body weight ratios were significantly higher compared with the groups with both native kidneys.
There were no significant differences between plasma sodium, sodium excretion, and fractional excretion of sodium across any of the four groups (Table 3) .
DISCUSSION
Fetal programming of hypertension, which is based on the notion that some adverse event occurs in utero that leads to low birth weight and an increased likelihood of developing hypertension as an adult, is supported by abundant epidemiological evidence (8, 13, 20, 34, 37) . Determining the mechanisms of hypertension that may result from fetal programming is critical in reducing the incidence of future hypertension, as the US infant mortality rate, which is an index of overall fetal health, ranks a dismal 30th in the world (30) . The maternal lowprotein rat model has been frequently used to study such mechanisms in the offspring. Contrary to a large body of literature, we have confirmed two previous studies that demonstrate that adult male offspring of maternal low-protein dams do not have detectable hypertension when blood pressure is assessed with radiotelemtry (16, 49) . The major new findings of this study are that the low-protein offspring 1) have an increased response to restraint stress, 2) have mild salt-sensitive hypertension, and 3) have a glomerular filtration rate 50% lower in the uninephrectomized, low-protein offspring on highsalt diet compared with all other groups.
The maternal low-protein model has been used for Ͼ 15 yr to study fetal programming of hypertension. Blood pressure in low-protein offspring is reported to be 20 -30 mmHg higher than that in control animals (24, 26, 41, 46, 51) . However, when blood pressure has been assessed via radiotelemetry, no hypertension has been detected in low-protein offspring (16, 49) . Our data confirm and extend these findings with longer radiotelemetric tracings of baseline blood pressure, which allowed us to determine diurnal variation. We found that systolic, mean, and diastolic arterial pressure, as well as daynight changes in blood pressure in the low-protein offspring, were no different than that observed in the normal-protein offspring. Thus, male offspring of maternal low-protein dams are not hypertensive, at least not at ϳ3-4 mo of age. These findings are similar to those observed in another common low birth weight model (prenatal administration of the glucocorticoid dexamethasone) in which the offspring were previously thought to be hypertensive until baseline blood pressure was accurately determined via radiotelemetry and they were actually found to be hypotensive relative to control offspring (38) . The lack of hypertension in these low birth weight models when blood pressure is assessed with radiotelemetry suggests some underlying difference either in control of blood pressure or in the methods of blood pressure measurement that have been utilized or both.
Aside from the two studies mentioned above that utilized radiotelemetry to measure blood pressure (16, 49) , all previous studies we have found that reported hypertension in lowprotein offspring assessed blood pressure either indirectly via tail cuff (11, 26, 27, 51, 58) or via indwelling catheters (3, 4, 10, 41, 56) . The tail cuff method requires restraint and heating, and both methods require handling of the animals. The major strength of using radiotelemetry is that blood pressure can be determined continuously in conscious, freely moving animals in their home cage, without the necessity of handling (50) . Clearly, there is the potential to influence baseline blood pressure if an experimental group of animals is hyperresponsive to stresses such as handling or restraint, compared with control. Indeed, we found that when male low-protein offspring were placed in a restrainer, their mean arterial pressure and heart rate remained significantly elevated throughout the restraint period, while that in the normal-protein offspring returned to baseline. Low-protein offspring have also been shown to have elevated mean arterial pressure response to olfactory stress with ammonia (49). Furthermore, there appears to be a generalized affect of fetal programming response to acute stress as low birth weight rats in which the dams were fed a prenatal high-salt diet also have an elevated blood pressure and heart rate response to restraint stress (42) . Similarly, low birth weight humans have elevated blood pressure and urinary catecholamine response to mental stress (23, 43) . Although our study was not designed to determine the mechanisms of the elevated stress response, several studies indicate a role for sympathoadrenal over activity in low birth weight offspring (2, 12, 23, 40) , and more specifically, neurons in regions of the brain involved in stress are over active in low-protein offspring (45) . Taken together, the differential responses to stress between low-protein and normal-protein offspring make the use of tail cuff plethysmography both inappropriate and inadequate to accurately determine differences in resting blood pressure. With this in mind, the strengths of using telemetry are clear (50) , but it is important to consider that resting blood pressure measured with telemetry in a rodent's home cage under highly regulated conditions may not be the best representation of resting blood pressure in humans living in the real world. Thus, despite the lack of increased resting blood pressure, chronic increased responsiveness to stress in low birth weight offspring is an important finding, as it may contribute to stress-related spikes in blood pressure that, over time, could contribute to end-organ damage (28) .
Despite there being no evidence of hypertension in our low-protein offspring, we wanted to test salt sensitivity of blood pressure in our rats. Following 5 weeks of the high-salt diet, blood pressure values between the normal-and lowprotein offspring with native kidneys were nearly identical. However, because the baseline blood pressure in the lowprotein group tended to be less compared with the normalprotein group, we detected a statistically significant increase of 6 mmHg in the low-protein offspring. While the increase in blood pressure is much smaller than is typically reported in genetic models of salt sensitivity (36) , it is similar to that which is reported clinically in response to a high-salt diet (48) . Thus, even mild salt sensitivity of blood pressure is an important finding that is likely attributed to an effect of prenatal programming, considering that these studies were performed in Wistar rats, a strain with a genetic background that is not known to have sensitivity of blood pressure to salt. Further studies to pursue whether low-protein offspring of dams genetically predisposed to salt sensitivity may be more profoundly affected are warranted. Two previous studies in low-protein offspring did not detect exacerbation of salt sensitivity of blood pressure in low-protein offspring compared with control rats (25, 58) ; however, blood pressure was measured with the tail cuff method. Our results are generally in line with those of Woods et al. (56) , although the magnitude of the rise in blood pressure in low-protein offspring during high-salt diet in their study was greater (ϳ15 mmHg increase) than what we observed. Differing methods of blood pressure measure (indwelling catheter vs. radiotelemetry) may account for these differences. Consistent with our studies in the low maternal protein-low birth weight model, two recent clinical studies (one in children and one in adults) associated birth weight with salt sensitivity (14, 47) .
Impaired sodium excretion resulting from glomerulogenesis retardation (53) and reduced nephron endowment, which has been shown to occur in both low birth weight animals (18, 19, 39) and humans (21, 22) , is hypothesized to play a causal role in low birth weight-related hypertension (57) . Nephron number was not assessed in our study and the final left kidney weights were not different between low-protein and normal-protein rats with both native kidneys, which could suggest that there was no difference in nephron number. However, this coincides with data from McMullen and Langley-Evans (35), who used a similar maternal protein diet (9% protein) and the same strain of rat, and found that 20-wk-old male low-protein offspring had kidney weights that were similar to control but had ϳ30% fewer nephrons. Other studies have reported reduced nephron endowment in low-protein offspring as well, although they did find that kidney weights were lower in low-protein offspring (51, 55) . Since fewer nephrons are available to filter the same amount of plasma, hyperfiltration would be expected to occur, but is apparently not enough to compensate, as our data and that of Woods et al. (56) show a reduced glomerular filtration rate in low-protein offspring. However, we did not find any differences in either sodium excretion or fractional excretion of sodium. Furthermore, a 50% reduction in nephron number with uninephrectomy plus a high-salt diet evoked roughly equivalent increases in blood pressure and again, no difference in sodium excretion or fractional excretion of sodium. The sodium excretion and fractional excretion of sodium values in the uninephrectomized rats actually tended to be higher compared with control, although there was a high amount of variability for unknown reasons. If impaired sodium excretion indeed plays a causal role in low birth weight-related hypertension, then removal of one kidney plus a high-salt diet should have exacerbated blood pressure in the low-protein offspring. A recent study found that 4-wk-old male, maternal low-protein rats actually have increased, not decreased, sodium excretion (3). Thus, our data in concordance with that of Alwasel and Ashton (3), do not support the hypothesis that low birth weight-related hypertension in maternal low-protein offspring is caused by reduced sodium excretion resulting from reduced nephron endowment.
However, although the effect of high-salt on blood pressure was not significantly different between normal-and low-protein offspring that were uninephrectomized, glomerular filtration rate when normalized to body weight in the uninephrectomized, low-protein group was significantly lower compared with all other groups. We believe this indicates that a single insult, such as maternal low protein, can be compensated for, as evidenced by lack of hypertension in low-protein offspring. A recent study in the same low maternal protein model demonstrated that chronic infusion of advanced glycation end products, led to increased expression of several early molecular markers of renal injury, which did not occur in normal-protein offspring when infused with the same compound (59) . Furthermore, the kidneys of low-protein offspring show increased gene and protein expression for markers of senescence (29, 33) . Finally, catch-up growth, which is known to occur in low birth weight offspring (and did occur in our offspring, as the low-protein offspring birth weights were less but adult body weights were not different from that in the normal-protein offspring) may predispose for renal dysfunction (9) and hypertension (1) . Thus, as the number of insults mount (i.e., uninephrectomy, high dietary sodium, increase in advanced glycation end products with aging or just aging per se, postnatal overfeeding, etc.) the ability of the kidneys to further compensate may become limited and manifest as reduced renal function and hypertension.
Perspectives and Significance
Although 3-to 4-mo-old male offspring of low-protein dams had low birth weight, they do not have hypertension when blood pressure is measured via radiotelemetry. However, lowprotein offspring do have an increased response to restraint stress and mild salt sensitivity of blood pressure. Whether or not the long-term effects of these predispose for the development of hypertension in older animals remains to be determined, but salt sensitivity of blood pressure in known to increase with age (54) . The fact that glomerular filtration rate in the uninephrectomized low-protein offspring on a high-salt diet was only 50% of that seen in control rats, provides further evidence that the kidneys of low-protein offspring are more vulnerable to hypertension-causing insults. This provides basic science evidence supporting not only the relationship between low birth weight and hypertension but also that between low birth weight and kidney disease (15, 52) .
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